We conducted experiments to assess the importance of heterotrophic activities (i.e. grazing) in primary production incubations with 14 C. Carbon assimilation over 12 and 24 h was measured in whole seawater and in samples that had been diluted with filtered seawater to various concentrations, in surface samples taken from the Gulf of Aqaba (Israel) in April 2008. Carbon assimilation was higher in the diluted samples by about 20%, suggesting that carbon assimilation in undiluted seawater samples is affected by grazing at time scales of 1 d or less. The difference between the diluted and undiluted samples was, however, statistically not significant. Nevertheless, incubations with 14 C lasting 12 to 24 h may at times be affected by grazing loss.
INTRODUCTION
Over the last few decades, several means for isolating phytoplankton for 14 C-based photosynthesis studies have been developed. These include track autoradiography (Knoechel & Kalff 1976 , Iturriaga & Marra 1988 , the isolation of single cells after incubation (Rivkin & Seliger 1981) , and the separation of populations using flow cytometry (Li 1994) . In a separate development, Landry & Hassett (1982) introduced the 'dilution method' as a means to understand the growth and grazing loss in natural populations. In a dilution experiment, seawater samples are combined with particle-free seawater in a series of ratios, such that the fraction of unfiltered seawater varies from e.g. 0.1 to 1.0 in a series. Dilution of the original sample, therefore, can distinguish activities that are dependent on encounters between cells, and therefore biomass-dependent (e.g. grazing), from those activities that are properties of the cells themselves (e.g. photosynthesis). Encounter rates, or grazing, depend on how much the sample is diluted, while photosynthesis of the cells remains unchanged. After a specified time, the change in phytoplankton biomass (e.g. cell numbers, chlorophyll a [chl a] concentration) is plotted against the fraction of unfiltered seawater, or dilution. Freed from grazing pressure at high dilution, while more subject to grazing at minimal or no dilution, the change in biomass is expected to be a linear, decreasing, function of the fraction (0 to 1) of raw seawater. Phytoplankton growth is assumed to be identified at 100% dilution, or, in a plot of phytoplankton biomass change (y-axis) against dilution (x-axis), the y-axis intercept. The (negative) slope of the relationship between the change in phytoplankton biomass and the dilution is an estimate of the loss to grazing. Landry & Hassett's (1982) dilution method has be come widely adopted in the analysis of plankton communities in many types of environments (e.g. Gifford et al. 1995) , and accompanied by critical analysis (e.g. Gallegos 1989 , Worden & Binder 2003 . The method does not always give results in accordance with expectations (Lessard & Murrell 1998 , Worden & Binder 2003 . The corresponding 14 C methods (single-cell isolation, track autoradiography, flow cytometry of labeled populations) have not entered into wide use, largely for technical reasons (e.g. isotopic contamination in flow cytometers; timeconsuming and tedious). Nevertheless, the 2 general approaches, dilution and single-cell analysis, have in common the isolation of phytoplankton metabolism from heterotrophic processes (in the case of dilution, as long as dilution is sufficient), affording a means to study the metabolism of natural phytoplankton populations.
The dilution method has rarely been used in combination with 14 C. We have found only 2 reports: Geider (1988) for experiments during a spring bloom in temperate waters (Celtic Sea), and Gallegos & Vant (1996) for experiments conducted in a turbid harbor (Secchi depth: < 0.5 to 1.4 m). We extend these observations to oligo trophic conditions that might experience higher levels of heterotrophic activity. Thus, like those authors, we conducted experiments that represent a combination of 14 C uptake and the dilution method. We diluted seawater samples with filtered seawater from the same location, which we inoculated with 14 C and incubated. The incubations were stopped at 12 and 24 h, meaning that we could measure both photosynthetic uptake and overnight loss. The goal of these experiments was to test whether the 14 C method is affected by grazing, and therefore whether it estimates net primary production or something closer to net community production (Marra 2009 ). Net primary production is measured as the difference between gross production and autotrophic respiration. To the extent that grazing, and therefore heterotrophic respiration, contributes to the measurements, 14 C assimilation can approximate net community production.
Differences between net primary and net community production, as measured by the 14 C method, may be small (Laws 1984 , Laws et al. 2000 ; see 'Discussion'. We are motivated, however, by the lack of empirical evidence to support that supposition. Moreover, if the 14 C method ap proximates net primary production, it would satisfy one of the assumptions that permit the calculation of phytoplankton respiration (Marra & Barber 2004) . Marra & Barber (2004) provided empirical support for the idea that phytoplankton respiration could be estimated from the overnight loss of 14 C in incubated samples. The idea depends on 3 assumptions: (1) 12 C and 14 C are metabolically well mixed within a phytoplankton cell after 12 h, (2) daytime auto trophic respiration is equal to that oc curring at night, and (3) 14 C assimilation from dawn to dusk approximates net primary production. If these 3 assumptions can be accepted, autotrophic respiration can be calculated as the overnight loss of 14 C divided by the fraction of day length (Marra & Barber 2004) .
Here, we report results from one of the experiments conducted by 3 members of the Phytoplankton Group at the GAP 2008 workshop, held at the InterUniversity Institute (IUI) in Aqaba, Israel, in April 2008.
MATERIALS AND METHODS
We used the laboratory facilities at the IUI. Nearsurface (~5 m) pre-dawn water samples were collected from stations in the Gulf of Aqaba (Eilat), as reported by Iluz et al. (2009) . For logistical reasons, seawater to create the dilution series occasionally was from collections several hours prior to the sample collection time.
To create the dilution series, seawater was filtered (by gravity) through a sandwich of 2 filters: the first, a glass fiber filter (corresponding in characteristics to a GF/F), and the second, a Millipore HA (pore size: 0.45 µm). The filtered seawater was added to sterile tissue culture flasks (270 ml) such that subsequently filling them with raw seawater resulted in a dilution series of 100, 46, 26, and 5.6% raw seawater. We also used filtered seawater as a blank, which was handled in the same way as the dilution series.
A word about the efficacy of our filtration: Kim et al. (2006) used the difference between material captured by a 0.45 µm nominal pore-size filter (Millipore HA) and a 0.7 µm nominal pore-size filter (GF/F) to represent the bacterial fraction. Thus, it is likely that the filter set that we used effectively removed the bacteria from the water used for dilution. However, Torrella & Morita (1981) demonstrated that small cells of heterotrophic bacteria occurred in seawater, and first used the term 'ultramicrobacteria' (UMB) to define those smaller than 0.45 µm. The UMB they found grew very slowly even under nutrient-rich conditions. Other evidence for the occurrence and growth of UMB is in MacDonell & Hood (1982) and Li & Dickie (1985) . UMB may have been present in our samples, but it is difficult to imagine how they might have fixed significant inorganic carbon or taken up excreted organic carbon in the samples containing only filtered seawater. And even so, we have subtracted the filtered seawater 'blank' from the assimilation values according to the dilution factor. Our filter methods will not have removed viruses (see 'Discussion').
A nominal 5 µCi of 14 C as NaHCO 3 was added to 6 replicates for each dilution. Before dawn on the day of each experiment, the samples were placed in a water table continuously supplied with surface seawater for cooling. Screening reduced the incident light to 50% surface irradiance. At dusk, 3 replicates from each dilution were removed for assay, and the remaining 3 removed from the incubator just prior to the next dawn, so that 12 and 24 h carbon assimilation rates were measured.
The total counts added to the samples were determined on subsamples (1 ml) from the incubation flasks, which were placed in scintillation vials that had 0.5 ml of β-phenethylamine. 14 C in the particulate matter was assayed by filtering the samples onto GF/F filters. The filters were placed in scintillation vials that were then placed in a fume hood. A volume of 0.5 ml of 50% HCl was added to each vial and the vials allowed to remain in the hood for 12 h to remove inorganic 14 C. Scintillation fluor (12 ml) was added to the vials, and after an additional 24 h, the vials were counted in a scintillation counter (Packard 3255) for 10 min each.
Carbon assimilation in the samples was calculated as the average uptake minus the average uptake in the filtered seawater control (corrected by the dilution percentage). Autotrophic respiration was calculated as the difference between the 12 and 24 h uptake rates divided by 0.5 (i.e. 12 h/24 h) (Marra & Barber 2004) .
RESULTS
We completed experiments on 2 and 4 April 2008 (Expts 1 & 2, respectively). The filtered seawater values for Expts 1 and 2 averaged 208 and 1248 disintegration per minute (dpm; 2 to 5% of the dpm in raw sea water), respectively.
Background data have been presented in Iluz et al. (2009) , and can be consulted for details regarding hydrographic con ditions, biomass levels, and environmental prop erties. The GAP investigators in the Phyto plank ton Group (Iluz et al. 2009 ) observed a short-lived bloom of diatoms in response to a brief wind-mixing event, the indicators of which are summarized in Table 1 .
Between 1 and 3 April, diatom biomass had increased from 1 to 23 µg C l −1 and thereafter de clined. Near-surface chl a levels remained between ~0.5 and 0.7 µg l , is within 10% of the value re ported here (24 h incubations). Fig. 1 shows the results of Expts 1 and 2, presented as uptake as a function of dilution. The error bars in all figures are the 95% confidence limits. (The standard errors of the mean carbon assimilation values were <10%.) The linear regression is shown of the average C uptake for the diluted samples, assuming the filtered seawater value is zero. The regression coefficient is the value extrapolated to the undiluted sample (x = 1, or 100% raw seawater) for comparison. The regression coefficients show that the diluted samples predict a slightly higher value for carbon assimilation in the undiluted samples. The difference is measurable, but given the error in the regression, not significantly different than the uptake in the undiluted samples.
Phytoplankton respiration, estimated according to Marra & Barber (2004) , is also shown in Fig. 1 . The rates of phytoplankton respiration follow those of carbon assimilation. And, as in the carbon assimilation, respiration declines relative to what would have been expected from the diluted samples.
DISCUSSION
There is a measurable difference between the diluted and undiluted samples with regard to carbon C activity than the undiluted, then we might conclude a methodological error had occurred in diluting the samples and somehow adversely affecting carbon assimilation. The fact that the diluted samples are higher suggests that we can compare the dilutions in terms of 14 C assimilation. The most likely difference between the diluted and undiluted samples is loss to grazing (Landry & Hassett 1982 , Jackson 1983 ). As stated above (see 'Introduction'), we are aware of only 2 publications that have conducted similar experiments, and in very different environments from the Gulf of Aqaba. Geider (1988) showed equivalent values, over 12 h, in undiluted samples and samples that had been diluted with particle-free ambient seawater (10 and 25% raw seawater). Gallegos & Vant (1996) reported diluting their samples to 5 to 10% in order to isolate phytoplankton growth and thereby estimate carbon:chl a ratios. Our results are similar to Geider (1988) in that we show statistically equivalent carbon assimilation, whether the samples are diluted or not (Fig. 1) .
The statistical equivalence of diluted and undiluted samples means either that microzooplankton grazing matters little as a loss factor in incubations, or else the 14 C method, as typically practiced, is insensitive to the activities of microzooplankton. That grazing is a minor loss is one conclusion of Joint & Pomroy (1983) , who observed little transfer of the isotopic label from small (0.2 to 1 µm) to larger size fractions (> 5 µm) in time-course experiments. Dilution experiments, how ever, indicate that micro-grazers can crop, on average, > 60% (Calbet & Landry 2004) , and at least 50% (Dolan & McKeon 2005) of daily primary production. At the same time, Laws (1984) , and in this context, Laws et al. (2000) , concluded, theoretically, that the measured impact of grazing on a productivity determination using 14 C is minor. To the extent that viruses are important, and for these measurements, any viruses in the samples can be considered 'grazers' and would have the most effect in the undiluted samples. Wilhelm & Suttle (1999) said that viruses may lyse 2 to 10% of phytoplankton cells per day. Then, too, they might also affect microzooplankton grazers. Given these considerations, we conclude that viral attack is within the error of our measurements.
According to Laws et al. (2000) , the effect of grazing can be written as the respiration of microzooplankton (r), and a term (β) describing the relationship between phytoplankton growth (μ) and zooplankton grazing (g):
(1) where
and where t is time. Respiration can be considered directly dependent on grazing (ingestion) (Verity 1985 , and references therein), which simplifies the above relationships. Accordingly, grazing will de crease carbon fixation into phytoplankton by 2 to 15% over phytoplankton growth rates of 0.2 to 1.4 d −1
. Therefore, the difference between carbon assimilation in diluted versus undiluted incubations should be small, in agreement with what we have found in the present experiments.
The experiments here and elsewhere (e.g. Geider 1988) suggest that the dominant processes occurring in incubations are photosynthesis and autotrophic respiration. We did not keep track of chl a concentrations during the incubations, and that might limit our interpretation. On the other hand, chl a can vary as an adaptation response, or with growth, in addition to being subject to grazing. Indications from parallel fluorescence kinetics measurements suggest that chl a did not change significantly from the initiation of the incubations to the following dawn (J. Kohler pers. comm.). A major assumption of the dilution method (Landry & Hassett 1982) is that grazing is a linear function of dilution, and there are situations where this might not be the case. Grazing, as a function of phytoplankton biomass, may be zero below a threshold of prey biomass, and it may saturate at high biomass (Gallegos 1989 , Evans & Paranjape 1992 , Worden & Binder 2003 . The experiments must assume that there is no mortality of grazers during the incubation (Dolan & McKeon 2005) . Both of these effects will tend to increase the negative slope of biomass change as a function of dilution, and therefore overestimate grazing. Saturated feeding would mean that grazing might be the same regardless of dilution, and not important in any case. It is hard to imagine, however, that zooplankton would still be food-saturated at 5.6% dilution of natural seawater concentrations. The rates at this dilution percentage were not signifi cantly different from those at higher biomass con cen trations, although the confidence intervals are larger. If grazers are not food-limited, then we can expect 'bottom-up' regulation of phytoplankton biomass, and grazing is therefore not driving ecosystem functioning.
Classically, phytoplankton respiration has been thought to be 10 to 20% of gross primary production (GPP) (Parsons et al. 1984) . More recent analyses have put its value higher, at 30 to 40% of GPP (Langdon 1993 , Laws et al. 2000 , Robinson & Williams 2005 . Phytoplankton respiration in the present study is estimated to be 30 to 50% of GPP, based on the calculation procedure in Marra & Barber (2004) . A recent report found that small phytoplankton may be facultative heterotrophs, ingesting significant numbers of bacteria (Zubkov & Tarran 2008) . If so, then this also supports the higher estimates of phytoplankton respiration. As for carbon assimilation, respiration is lower in the undiluted samples compared to what would have been ex pected from the diluted samples. We conclude that the lower respiration is because grazing has cropped phytoplankton biomass in the undiluted samples. 
